Evaluation of electrochemical methods for determination of the seebeck coefficient of redox electrolytes by Koerver, Raimund et al.
 
DRO  
Deakin Research Online, 
Deakin University’s Research Repository  Deakin University CRICOS Provider Code: 00113B 
Evaluation of electrochemical methods for determination of the Seebeck 
coefficient of redox electrolytes 
Citation of final article:  
Koerver, Raimund, MacFarlane, Douglas R. and Pringle, Jennifer M. 2015, Evaluation of 
electrochemical methods for determination of the Seebeck coefficient of redox electrolytes, 





This is the accepted manuscript. 
©2015, Elsevier Ltd. 
This peer reviewed accepted manuscript is made available under a Creative Commons 
Attribution Non-Commercial No-Derivatives 4.0 Licence. 
The final version of this article, as published in volume 184 of Electrochimica acta, is available 





Downloaded from DRO: 
http://hdl.handle.net/10536/DRO/DU:30079838  
1 
Evaluation of Electrochemical Methods for Determination of the Seebeck Coefficient of 
Redox Electrolytes 
 
Raimund Koerver,a Douglas R. MacFarlanea and Jennifer M. Pringleb* 
a Australian Centre of Excellence for Electromaterials Science, School of Chemistry, Monash 
University, Clayton, Victoria 3800, Australia. 
 b Australian Centre of Excellence for Electromaterials Science, Institute for Frontier 
Materials, Deakin University, Burwood, Victoria, Australia. jenny.pringle@deakin.edu.au 
Abstract 
Recent advances in thermoelectrochemical cells, which are being developed for harvesting low 
grade waste heat, have shown the promise of cobalt bipyridyl salts as the active redox couple. 
The Seebeck coefficient, Se, of a redox couple determines the open circuit voltage achievable, 
for a given temperature gradient, across the thermoelectrochemical cell. Thus, the accurate 
determination of this thermodynamic parameter is key to the development and study of new 
redox electrolytes. Further, techniques for accurate determination of Se using only one half of 
the redox couple reduces the synthetic requirements. Here, we compare three different 
experimental techniques for measuring Se of a cobalt tris(bipyridyl) redox couple in ionic liquid 
electrolytes. The use of temperature dependent cyclic voltammetry in isothermal and non-
isothermal cells was investigated in depth, and the Se values compared to those from thermo-
electromotive force measurements. Within experimental error, the Se values derived from CV 
methods were found to be in accordance with those obtained from emf measurements. The 
applicability of cyclic voltammetry techniques for determining Se when employing only one 
part of the redox couple was demonstrated. 
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1. Introduction 
The increasing global demand for energy, in combination with the depletion of fossil fuels, is a 
strong driver for use of renewable energy sources. The major advantage of low grade waste 
heat is its wide-spread accessibility and abundance, which is often continuous in nature. For 
example, waste thermal energy is abundant in industrial waste streams, transport and 
geothermal activities [1]. Thermoelectrochemical cells are an increasingly promising 
technology for harvesting low-grade thermal energy and converting it into a sustainable energy 
source [2, 3]. While the development of devices for harvesting thermal energy has, until now, 
primarily focused on solid-state devices based on semiconductors [4, 5], their 
commercialization has been hindered by high costs, relatively low efficiencies and poor long-
term reliability [6, 7]. Thermoelectrochemical cells (TECs) could one day be a viable 
alternative. In these liquid-based devices, commonly also described as thermogalvanic cells, 
electrical energy is created by a temperature difference between two half-cells. As in solid-state 
devices, here the Seebeck effect generates an electromotive force (emf) originating from the 
temperature dependence of the electrochemical potential [8]. The most noteworthy advantage 
of this technology is their flexibility in design and scale. Thermal energy can be harvested in 
almost any dimension, ranging from gathering lost heat from industrial pipes or waste streams 
to even the utilization of body heat as a power source [9, 10].  
To date, studies on liquid-based TECs have primarily focused on aqueous electrolytes, in 
particular containing the ferrocyanide/ferricyanide redox couple [11-13]. In contrast, the use of 
redox couples in ionic liquid (IL) electrolytes is a much more recent development [14, 15]. 
Whereas the operating temperature of aqueous and most organic solvents is limited by their 
boiling points, ILs show excellent thermal stability (up to 300 °C in some cases) [16], which 
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makes them suitable for thermal energy harvesting applications in the mid- to high-temperature 
range. Moreover, their low thermal conductivity is advantageous for TECs as it allows a larger 
temperature difference to be maintained across the cell. We have recently demonstrated high 
power outputs for IL-based systems using a cobalt redox couple [10].  
The efficiency of thermoelectric devices is described by the dimensionless figure of merit, ZT, 
which depends on the Seebeck coefficient Se, the electrical conductivity σ, the thermal 
conductivity κ, and the absolute temperature T [8, 17]. For TECs, the influence of diffusion rate 
on the efficiency can also be incorporated into this relationship [18]. The Seebeck coefficient 
is a quantitative measure of the Seebeck effect that expresses the potential difference that can 
be created when a temperature gradient is applied [19, 20]. For example, an aqueous solution 
of 0.1 M [Fe(CN)6]3-/[Fe(CN)6]4- produces a Seebeck coefficient of -1.4 mV/K [21], while for 
the new CoII/III(bpy)3(NTf2)2/3 this ranges from 1.4 to 1.9 mV/K [10]. The Seebeck coefficient 
is thermodynamically related to the entropy change, ΔSrc, of the redox reaction and is a 
fundamental parameter dictating the efficiency of thermal energy harvesting devices. Thus, its 
accurate measurement is critical.  
Determination of the Seebeck coefficient of redox electrolytes is predominantly carried out in 
non-isothermal cells by measuring the thermoelectromotive force [10, 14, 15]. This 
measurement requires both oxidation states of a redox couple in solution. However, synthesis 
and isolation of both species can be impractical or expensive [22, 23]. Thus, it is beneficial to 
have a method in which only one species is necessary, to facilitate the preliminary investigation 
of new redox materials. Early studies on reaction entropies of transition metal complexes 
indicated the applicability of cyclic voltammetry (CV) techniques [24]. Alternatively, Gründler 
et al. took advantage of the linear dependence between the redox potential and temperature for 
calibration of hot-wire electrodes [25, 26]. Here we report determination of the Seebeck 
coefficient of a cobalt redox couple in ionic liquids by CV in two different cell arrangements - 
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isothermal and non-isothermal - and using only one half of the redox couple. First, the 
electrochemical potential of an isothermal system, a single compartment cell, is studied as a 
function of temperature. The optimal experimental conditions, electrode materials, sample 
concentration and measurement parameters are evaluated. This set-up is then compared with a 
non-isothermal cell arrangement, where the working electrode is spatially separated from the 
reference and counter electrodes. The additional challenges of electrochemistry in ionic liquids, 
such as slow kinetics, high viscosity and resistivity, are discussed, and the Se values obtained 
are compared to those from thermo-electromotive force measurements.  
2. Experimental 
2.1 Ionic liquids 
Ionic liquids 1-ethyl-3-methylimidazolium tetracyanoborate, [C2mim][B(CN)4], and 1-butyl-3-
methylimidazolium tetrafluoroborate, [C4mim][BF4] were purchased from Merck and Sigma 
Aldrich, respectively, with >99% purity. Prior to electrochemical measurements, samples were 
de-aerated with nitrogen gas for 10 minutes.  
2.2 Synthesis of the cobalt complexes 
The cobalt complexes were synthesized following previously reported procedures [10]. The 
purity was confirmed by 1H- and 19F-NMR. Reagents for the synthetic procedures were 
purchased and used as received from Sigma Aldrich and Merck.  
Tris(bipyridyl)cobalt(II) bis(bis(trifluoromethanesulfonyl)amide), CoII(bpy)3(NTf2)2. 1H-NMR 
(DMSO-d6, 400 MHz): δ = 8.66 ppm (d, J = 4.0 Hz, 6H), 8.37 (d, J = 8.0 Hz, 6H), 7.94 (t, 
J = 8.0 Hz, 6H), 7.44 (d, J = 6.4 Hz, 6H). 19F-NMR (DMSO-d6): δ = -78.76 ppm. MS (ESI+): 
m/z = 156.6 (10 %), 157.0 (100 %, bpy+), 179.0 (95 %), 203.1 (13 %); (ESI-): m/z = 279.4 
(10 %), 279.9 (100 %, NTf2-), 281.9 (11 %).  
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Tris(bipyridyl)cobalt(III) tris(bis(trifluoromethanesulfonyl)amide), CoIII(bpy)3(NTf2)3. 1H-
NMR (DMSO-d6, 400 MHz): δ = 9.04 ppm (d, J = 8.0 Hz, 6H), 8.60 (t, J = 7.6 Hz, 6H), 7.80 (t, 
J = 7.6 Hz, 6H), 7.44 (d, J = 6.0 Hz, 6H). 19F-NMR (DMSO-d6): δ = -78.70 ppm. MS (ESI+): 
m/z = 156.6 (10 %), 157.0 (100 %, bpy+), 179.0, 203.1 (11 %); (ESI-): m/z = 279.4 (10 %), 
279.9 (100 %, NTf2-), 281.9 (12 %).  
2.3 Electrode preparation 
Before each measurement, platinum (Pt), gold (Au) and glassy carbon (GC) electrodes were 
rinsed with acetone and polished with 0.3 micron alumina powder. The investigated materials 
exhibited no corrosive behavior towards the electrode surfaces, which remained unchanged 
throughout the whole study.  
2.4 Seebeck coefficient measurement 
For isothermal cyclic voltammetry measurements, a glass vial was equipped with a standard 
three-electrode system consisting of a gold/platinum/glassy carbon working electrode 
(d = 1 mm), platinum wire as counter electrode and reference electrode. The volume of the 
sample solution was approximately 1 ml. The cell was inserted into a brass heating block 
connected to a JCS Sinha temperature controller. The temperature of the cell was increased 
step-wise by increments of either 5 K (aqueous) or 15 K (IL).  
Non-isothermal CV measurements were carried out using a cell consisting of two glass vials. 
The employed electrode setup was analogous to isothermal cell measurements. The working 
electrode was placed in a separate vial from the counter and reference electrode. Both 
compartments were bridged by a teflon tube. The vial containing the working electrode was 
placed in a brass heating block and heated step-wise as described before (THOT). The reference 
compartment was kept at a constant temperature (TCOLD) using a water ice bath the temperature 
of which was monitored by a Fluke 52 II Dual Input digital thermometer.  
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For both setups, cyclic voltammograms of three cycles were recorded for each temperature 
using a Gamry Interface 1000 potentiostat. The second cycle was used for evaluation. In 
between the measurements, a 10 minute idle time was introduced to assure a temperature 
equilibrium was achieved. The half-wave potential was determined and plotted versus the 
temperature. A straight line was fitted to the data by using the least square method. The Seebeck 
coefficient was determined from the slope of the fitted line. 
Se values based on emf measurements were obtained using a non-isothermal cell as previously 
reported [15]. 
3. Results and discussion 
The two ionic liquids, [C2mim][B(CN)4] and [C4mim][BF4], were chosen from our previously 
studied selection of TEC electrolytes [10]. [C2mim][B(CN)4] is advantageous as an electrolyte 
as it has a wide electrochemical window, high conductivity, and relatively low viscosity 
(20.4 mPa·s) [27, 28]. This IL has produced the highest currents to date for an IL-based TEC 
(4.5 A/m²) [10]. In contrast, [C4mim][BF4] has a significantly higher viscosity (η ≈ 100 mPa·s) 
[29], but offers a wider commercial availability. The reported Seebeck coefficients for a 10 mM 
solution of the redox couple in [C4mim][BF4] and [C2mim][B(CN)4] are 1.40 mV/K and 
1.55 mV/K respectively [10].  
The Seebeck coefficient is expressed by the temperature dependence of the formal potential, 
dEf/dT.  
𝜕𝜕𝜕𝜕(𝑇𝑇)/𝜕𝜕𝑇𝑇 =  𝑆𝑆𝑒𝑒  = ∆𝑆𝑆𝑟𝑟𝑟𝑟/𝑛𝑛𝑛𝑛 (1) 
 
Determination of the Seebeck coefficient for liquid redox systems has to-date predominately 
been carried out in non-isothermal cells [10, 14, 15]. The cells usually consist of two bridged 
compartments which are thermostated individually. The electromotive force is measured 
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between two platinum wires and related to the temperature difference between the cells. 
However, measurements require the electrolyte solution to contain both the oxidized and 
reduced form of the redox couple to close the electric circuit [30].  
The challenge in extracting a thermodynamic quantity like the Seebeck coefficient by using a 
potential sweep technique is the influence of kinetic contributions. Mass transport processes in 
ionic liquids are particularly slow and can limit the electrode reactions. The obtained half-wave 
potential is therefore not always an accurate representation of the formal potential [31]. The 
deviations from the pure thermodynamic temperature coefficients must therefore first be 
evaluated.  
3.1  Seebeck coefficient measurement using an isothermal cell  
The first approach to determination of the Seebeck coefficient was use of an isothermal cell. 
Temperature dependent cyclic voltammetry was carried out in a single-compartment 
thermostated cell containing one half of the studied redox couple (i.e. one of the redox species 
only). A three-electrode setup was employed, consisting of a gold working electrode 
(d = 1 mm), a coiled platinum wire as counter electrode and a non-aqueous reference electrode 
(described further in Section 3.1.2). By measuring the half-wave potential, E1/2, for each 
experiment, the potential shift could be correlated to the increase of temperature. 
3.1.1 Choice of electrode 
For measurement of Se by CV, close to reversible conditions are beneficial for simplifying 
characterization of the electrochemical processes and evaluating the kinetic and thermodynamic 
parameters. It has previously been reported that the electron transfer kinetics of cobalt 
bipyridinium complexes can depend strongly on the working electrode material [32]. Thus, 
prior to Seebeck experiments, the electrochemistry of CoIII(bpy)3(NTf2)3 was studied on three 
common working electrode materials: gold (Au), platinum (Pt) and glassy carbon (GC); peak 
separations are shown in Table 1 and Figure S1.  
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For CoIII(bpy)3(NTf2)3 in [C4mim][BF4], all three electrode materials revealed quasi-reversible 
behavior with no significant variation in the anodic - cathodic peak separation. However, in 
[C2mim][B(CN)4] gold outperformed both other electrode materials in terms of peak separation 
and peak definition. Thus, a gold working electrode was used for all of the following 
experiments. 
3.1.2 Reference electrode 
In the isothermal method, as a potential difference is created between the working electrode 
and reference electrode, the influence of a change in temperature on the reference has to be 
considered. To overcome this problem, the main strategies are either employing a temperature 
independent electrode process as a reference or using an electrode with known temperature 
dependence. The use of an internal standard, in particular ferrocene/ferrocenium, for 
temperature dependent determination of reaction entropies has been suggested [33, 34]; 
however, the temperature dependence of this redox couple in the medium must be known. Here 
an overlap of the redox peaks of this standard with the studied redox couple prohibits this 
approach. Instead the temperature dependence of the reference electrode was determined; the 
reference used was Ag/Ag+ (a silver wire in acetonitrile with 10 mM AgNO3 and 
100 mM [Bu4N][NO3]), contained in a glass compartment and separated from the IL electrolyte 
by a porous glass frit. Thus, to determine the temperature dependence of this system, a non-
isothermal cell consisting of two independently thermostated compartments (THOT and TCOLD) 
filled with 10 mM AgNO3 and 100 mM [Bu4N][NO3] in acetonitrile was used. The 
compartments were interconnected by a Teflon tube containing the same solution, with two 
identical silver wires as the electrodes. 
A linear dependence of potential on temperature was observed, giving Seref = 0.25 ± 0.02 mV/K 
(Figure S2). Thus, in order to extract the Seebeck coefficient of the sample material Se, the 
temperature coefficient of the reference electrode Seref has to be added to the apparent slope 
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Seobs obtained from the isothermal cell: Se=Seobs + Seref. Additionally, the uncertainty in the 
determination of Seref should be added to that of Seobs. 
3.1.3 Reversibility and diffusion rates of Co(bpy)3 in the ionic liquids 
For the Seebeck coefficient measurement using an isothermal cell, the change in half-wave 
potential, E1/2, was calculated based on the anodic and cathodic peak potentials. The magnitude 
of the Seebeck coefficient is related to the formal potential, 𝜕𝜕𝑓𝑓  which is a thermodynamic 
quantity [12]. However, the half-wave potentials extracted from cyclic voltammetry are based 
on thermodynamic, plus kinetic contributions:  








Thus, to understand the significance of the kinetic component, the diffusion coefficients of both 
redox species have to be examined. The diffusion coefficient can be calculated from the 
Randles-Sevcik equation, which relates the diffusion coefficient for a known concentration, at 
a certain temperature, to the scan rate (ν): 






However, the Randles-Sevcik equation only applies for nearly-reversible to reversible 
systems [35]. Thus, before determination of the diffusion rate, the reversibility of the Co2+/3+ 
couple was assessed. Cyclic voltammetry was carried out in an isothermal cell at several 
temperatures across a 298 - 328 K range, at scan rates ν = 5, 10, 25, 50 and 100 mV/s 
(Figure S3) using 10 mM CoIII(bpy)3(NTf2)3 in the ILs. In [C4mim][BF4], the ratio of peak 
anodic to cathodic currents were close to one at lower scan rates, indicating quasi-reversible 
behaviour. In [C2mim][B(CN)4] there was a larger deviation from ideal behavior. In both ILs, 
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the reduction current was smaller than the oxidation, and the half-wave potential was 
independent of sweep rate. A linear relationship between the square root of the scan rate and 
the anodic peak current was found at 298 K. It was concluded that the oxidation process is 
diffusion controlled in both media.  
Diffusion coefficients were calculated based on the ip values from the lowest sweep rate 
(ν = 5 mV/s) for all temperatures. Table 2 summarizes the diffusion coefficients for Co(bpy)32+ 
and Co(bpy)33+ across the temperature range studied.  
The diffusion rate of both redox species increased significantly with temperature, which 
demonstrates that the diffusion limitation of redox species in viscous IL electrolytes at room 
temperature can be overcome at higher temperatures as mass transport rates become greatly 
enhanced. In both media, the diffusion coefficient of Co(bpy)32+ was always higher than for 
Co(bpy)33+; this is attributed to stronger Coulombic interactions between the IL and the more 
charge dense oxidized form. A similar trend was found by Katayama et al. for iron, nickel and 
ruthenium bipyridinium complexes in ionic liquids [36, 37].  
From the ratio of the diffusion coefficients, the deviation of Ef from the measured half-wave 
potential can be estimated from equation 2, as shown in Table S2. Overall, only very small 
differences were found, which supports the approximation Ef ≈ E1/2. In [C2mim][B(CN)4] the 
derived half-wave potential is within 3 mV to the formal potential, which is only slightly larger 
than the attributed experimental error, while in [C4mim][BF4] the difference is up to 9 mV 
(Table S2). Furthermore, as Se is calculated from the change in potential with temperature a 
deviation of Ef from E1/2 that is almost constant with temperature will cancel out in the 
calculation. Given this small deviation in Ef from E1/2, it was thus concluded that Se could be 
directly derived from the measured half-wave potential, as detailed below.  
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3.1.4 Temperature dependence of the half-wave potential 
The effect of temperature on the redox behaviour of the Co2+/3+ couple was then studied using 
a scan rate of 5 mV/s (Figure 1). In both solvents, the anodic and cathodic peaks shifted towards 
a more positive potential and the overall current increased when the temperature was increased. 
This latter effect can be attributed to the strong increase in the rate of the heterogeneous electron 
transfer and the mass transport rate to the electrode surface. The peak separation is always larger 
than 59 mV, but the classic CV shape for a single electron transfer is maintained at higher 
temperatures, indicating quasi-reversible behavior. The deviation from reversibility can be 
explained by the still relatively slow electrode kinetics of the Co(bpy)3 complex [38], and the 
effect of uncompensated resistance Ru [39], discussed further in the supporting information.  
Overall, no consistent trend of the current ratios with temperature was observed. Thus, neither 
the oxidation nor the reduction process is favored by an increase of temperature in the studied 
range. Within experimental error, the parameters obtained for the oxidized species match the 
values from experiments employing just the reduced form and thus the majority species in the 
bulk of the solution does not significantly influence the electrode processes. This observation 
is highly beneficial in terms of deriving the Seebeck coefficient of Co(bpy)32+/3+ from cyclic 
voltammetry using only one half of the redox couple.  
A plot of the obtained half-wave potentials vs. temperature for the Co(bpy)32+ and Co(bpy)3+ 
ions (Figure 2 and Figure S4, respectively) shows a linear dependence, and the shift to higher 
redox potentials with increasing temperature is consistent with the reported positive Seebeck 
effect [10].  
From the observed slopes dE1/2/dT, the Seebeck coefficient of the redox electrolyte can be 
obtained, after applying the correction for the temperature dependence of the reference 
electrode, as discussed above (Seref = 0.25 ± 0.02 mV/K). The results are shown in Table 3. 
Additionally, the cell reaction entropy ΔSrc can be calculated (equation 1) [8, 19, 20].  
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Within the error of the experiment, the temperature coefficients were found to be the same in 
each IL, regardless of which half of the redox couple was used, as theoretically expected if the 
measurement technique is valid.  
The literature Seebeck coefficients of this redox couple in [C4mim][BF4] and 
[C2mim][B(CN)4], determined from emf measurements in a non-isothermal cell arrangement, 
are 1.40 ± 0.02 mV/K and 1.55 ± 0.02 mV/K respectively [10]. The latter is in good agreement 
with the Se derived from the CV experiments here, while the former lies just outside the 
combined error ranges. This deviation may be in part assigned to the kinetic effects that result 
in increased deviation of Ef from E1/2, as discussed above, which are more pertinent in the more 
viscous [C4mim][BF4] and result in a lower estimate of the Seebeck coefficient. Thus, these 
results demonstrate determination of the Seebeck coefficient of the cobalt redox couple, within 
at least ± 0.1 mV/K, by use of a potential sweep technique, without the need for both the 
oxidized and reduced species. 
 
3.2 Non-isothermal cell arrangement 
In contrast to the isothermal measurements, in the non-isothermal setup the cell itself involves 
a temperature gradient [15]. The cell is split into two compartments - one side is heated and the 
other kept at a constant temperature. Thus, measured potentials are not related to the absolute 
cell temperature, but instead to the difference between the hot and the cold sides of the cell. 
Analogous to a commonly used salt bridge, the two compartments are bridged by a tube 
containing the same redox electrolyte solution. Thus, no additional liquid-liquid junctions are 
created. The length of the tube prevents heat exchange between the vials. 
In this work, a reference electrode was introduced into this non-isothermal cell arrangement to 
allow measurement of temperature dependent cyclic voltammetry. The half-wave potential was 
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extracted and related to the inter-electrode temperature difference between the working 
electrode (THOT) and reference and counter electrodes (TCOLD, constant). Samples measured 
using CV only contained the oxidized form of the redox couple, since the reduced species is 
formed in situ during a full cycle. The trivalent form was chosen because it showed better 
solubility in the studied solvents. 
Unlike in the isothermal cell setup, here only the working electrode was exposed to a 
temperature variation. The reference and counter electrode compartment was placed in an ice-
water bath. This means that the reference system is maintained at a constant temperature and 
thus does not affect dE1/2/dT.  
Whereas the problem of an internal calibration of the reference electrode is avoided here, there 
is a temperature gradient along the salt bridge. However, the Soret effect that causes 
thermodiffusion along this temperature gradient is considered negligible given the relatively 
small temperature gradients [40, 41] and small scan rates used. Instead, the predominant 
temperature effect, which is on the solution resistance, is discussed below.    
3.2.1 Cell validation with ferrocyanide/ferricyanide in aqueous solution 
The non-isothermal cell setup was first validated using an aqueous solution of the 
ferrocyanide/ferricyanide redox couple, to assess the influence of solution resistance along the 
salt bridge. From prior studies, an aqueous solution of 0.1 M [Fe(CN)6]3-/[Fe(CN)6]4- produces 
a Seebeck coefficient of -1.4 mV/K [21]. Cyclic voltammetry was carried out with the objective 
of reproducing this result based on half-wave potentials obtained from the non-isothermal cell.  
A platinum working and counter electrode and a 0.1 M Ag/AgCl aqueous reference electrode 
were employed. To minimize solution resistance effects, a low concentration (4 mM) of 
[Fe(CN)6]3- was used with 100 mM Na2SO4 supporting electrolyte. CVs were recorded for 
temperatures from 298 to 328 K at the hot side of the cell (Figure S5). The increasing 
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temperature had no effect on the peak separation and thus the overall solution resistance was 
not significantly affected. The increase in peak heights can be explained by enhanced electrode 
kinetics and faster conversion rates at higher temperatures. 
Analogous to the procedure used for the isothermal cell data, half-wave potentials were 
extracted from the peak potentials at each temperature (Figure S6, Table S3). The data from 
CV experiments was compared to those obtained from emf measurements (i.e. using a non-
isothermal cell with two Pt wires and equimolar amounts of both halves of the redox couple). 
For the [Fe(CN)6]3-/[Fe(CN)6]4- redox couple, CV yielded a Se of -1.34 ± 0.09 mV/K and emf 
yielded -1.61 ± 0.02 mV/K. The Seebeck coefficient given in the literature for a concentration 
of 10 mM of Fe(CN)6]3-/[Fe(CN)6]4- is Se = -1.4 mV/K [15, 21]. Theoretically, neglecting any 
other influences, this will increase with decreasing redox couple concentration, c, according to 
1/√c, giving -1.68 mV/K at 4 mM [21]; this compares adequately with the emf-based value 
measured here. However, the thermoelectric coefficients extracted from CV measurements in 
the non-isothermal cell are lower than the emf-based values. This deviation, which is only 
approximately 1.3 mV for a temperature increase of 5 K, is a reflection of the broad peak and 
thus variations in the determination of half-wave potentials using the CV method; nonetheless 
it seems that this approach can provide a lower bound on the true value and could be useful for 
screening purposes in that respect. 
3.2.2 Co(bpy)32+/3+ in ionic liquid electrolytes 
The non-isothermal cell was then used to determine the Seebeck coefficient for the 
Co(bpy)32+/3+ couple. Again, only the Co(bpy)33+ was used, at a concentration of 10 mM. A gold 
macro-working electrode, coiled platinum wire counter electrode and Ag/AgNO3 (10 mM) in 
acetonitrile reference electrode were used. The electrode configuration is therefore comparable 
to that used for the isothermal measurements described above. However, in this setup there is a 
15 
constant reference electrode temperature, but also a large inter-electrode spacing between the 
WE and CE/RE.  
The cyclic voltammograms (Figure S7) show a large peak separation, originating from a large 
uncompensated resistance as a result of the electrode separation, and this increases with 
temperature. Nevertheless, the half-wave potentials are in accordance with those extracted from 
isothermal cell measurements.  
In contrast to the aqueous solution of ferrocyanide/ferricyanide, the shift of the CV with 
temperature is not uniform. Particularly in [C4mim][BF4], the cathodic peak potential remains 
almost unchanged, whereas the anodic peak potential experienced a strong shift towards more 
positive potentials (Figure S7 and S8). However, at a given temperature the uncompensated 
resistance influences positive and negative potentials to the same extent and thus, the increasing 
peak separation of the anodic and cathodic wave should not affect the position of the half-wave 
potential [42, 43]. Given the broad peak separations, the previously discussed deviation of E1/2 
from Ef was also neglected for these non-isothermal cell measurements. Instead an uncertainty 
of ±4 mV was attributed to the obtained half-wave potentials. To further improve the accuracy 
of the measurement, each sample was measured three times (Figure S9 and S10). For both ionic 
liquid electrolytes the consistency of measured potentials at a given temperature was high. As 
expected from the wider peak separations, the variation of the half-wave potentials is higher in 
[C4mim][BF4]. The half-wave potentials were linearly fitted and the temperature coefficients 
were determined from the slopes. The average Seebeck coefficients, and the calculated cell 
entropy change ΔSrc, are given in Table 4. 
For comparison, emf measurements (i.e. with two Pt wires and 5 mM of each half of the redox 
couple), were also performed. These gave Se = 1.25 ± 0.02 mV/K for [C4mim][BF4] and 
1.44 ± 0.02 mV/K for [C2mim][B(CN)4]. These are 0.11 – 0.15mV/K lower than previously 
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published data from our laboratories due to the different temperature ranges involved in the 
studies, the Seebeck coefficient being a slight function of temperature. 
The Seebeck coefficient derived by CV in the non-isothermal cell for the [C2mim][B(CN)4] 
electrolyte is in full accordance with the previously reported value of 1.55 ± 0.02 mV/K [10], 
but slightly higher than that derived from our emf measurements. In [C4mim][BF4], there is 
excellent agreement between the Se derived by CV in the non-isothermal cell and that 
determined from our emf measurement, but these are smaller than the previously reported value 
(1.40 ± 0.02 mV/K). Nevertheless, these results clearly show that, allowing for a tolerance of 
± 0.1 mV/K, the non-isothermal cell CV method can differentiate between the different redox 
electrolytes while using only one half of the redox couple. 
4. Conclusion 
The Seebeck coefficients of Co(bpy)32+/3+(NTf2)2/3 in [C2mim][B(CN)4] and [C4mim][BF4] 
were determined using three different experimental approaches. For determination by cyclic 
voltammetry a three-electrode system was first used in an isothermal cell, and then their 
application in a non-isothermal cell arrangement was introduced. The literature method of non-
isothermal electromotive force measurements was carried out as a standard for comparison. 
In the isothermal setup, with a gold electrode, the electron transfer for Co(bpy)32+/3+ was found 
to be quasi-reversible and the deviation of the half-wave potential from the formal potential 
was analyzed based on measured diffusion rates. In order to extract the Seebeck coefficients of 
the studied samples from the single compartment cell, the effect of temperature on the employed 
reference electrode (10 mM Ag/AgNO3 in acetonitrile) was determined; 
Seref = 0.25 ± 0.02 mV/K. By offsetting the temperature coefficients of the cell with Seref, the 
Seebeck coefficient of the redox electrolyte solution was calculated. The temperature related 
potential shift of the redox reaction was found to be of the same order of magnitude regardless 
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of the oxidation state of the initially employed redox couple, and the calculated Seebeck 
coefficients equivalent within experimental error. The errors resulting from mass transport were 
too low to have a significant impact on the temperature coefficient.  
The same three-electrode system as used in the isothermal cell was then introduced into a non-
isothermal setup, which was first validated using an aqueous solution of 
ferrocyanide/ferricyanide. CVs of the cobalt redox couple in this setup exhibited large peak 
separations, as expected from the large separation between the working and reference 
electrodes. However, this did not have a significant influence on the derived temperature 
coefficients.  
Whereas in the isothermal cell uncertainties were introduced by the external calibration, 
variances in the non-isothermal cell results arose from the large electrode interspacing. 
Nevertheless, the results from all three types of experiments are in reasonable agreement with 
previously reported values. The general trend of a higher Seebeck coefficient for the 
[C2mim][B(CN)4] electrolyte was confirmed by all employed methods. The major advantage 
of the non-isothermal CV technique lies in the fact that only one part of the redox couple has 
to be present in solution.  
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Figure 1 Cyclic voltammograms at a gold macroelectrode (d = 1 mm) showing the effect of 
temperature on the electrochemistry of 10 mM CoIII(bpy)3(NTf2)3 in [C4mim][BF4] (a) and 
[C2mim][B(CN)4] (b) at a scan rate of 5 mV/s, in an isothermal cell. The half-wave 





Figure 2 Temperature dependence of the half-wave potential E1/2 (isothermal cell) using 10 mM 
of CoII(bpy)3(NTf2)2 in [C2mim][B(CN)4] (●) and [C4mim][BF4] (■). 
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Table 1 Anodic - cathodic peak separations for different electrode materials in a 10 mM 
solution of CoIII(bpy)3(NTf2)3 in both of the studied ILs, at a scan rate of 5 mV/sec. 
 ΔEp / mV 
Solvent Pt GC Au 
[C4mim][BF4] 76 ± 4 74 ± 2 76 ± 2 
[C2mim][B(CN)4] 100 ± 4 90 ± 2 74 ± 2 
 
 
Table 2 Diffusion coefficients for CoII(bpy)3(NTf2)2 (10 mM) in [C4mim][BF4] and 
[C2mim][B(CN)4], and CoIII(bpy)3(NTf2)3 (10 mM) in [C4mim][BF4] and [C2mim][B(CN)4], 
and the ratio of the diffusion coefficients. 
D / 10-7 cm2·s-1 








































































































Table 3 Temperature coefficients of observed electrode potentials, estimated Seebeck 
coefficient and reaction entropy changes for 10 mM of CoII or CoIII (bpy)3(NTf2)2/3 redox 
couple in ionic liquids. 
Solvent dE1/2/dT / mV·K-1 Se / mV·K-1 ΔS0rc / J·K-1·mol-1 
Co(bpy)32+ in:  
[C4mim][BF4] 1.01 ± 0.06 1.26 ± 0.08 122 ± 8 
[C2mim][B(CN)4] 1.32 ± 0.10 1.57 ± 0.12 152 ± 12 
Co(bpy)33+ in:  
[C4mim][BF4] 0.98 ± 0.03 1.23 ± 0.05 119 ± 5 
[C2mim][B(CN)4] 1.33 ± 0.22 1.58 ± 0.24 152 ± 23 
 
 
Table 4 Non-isothermal temperature coefficients of electrode potentials and cell reaction 
entropy differences for 10 mM CoIII(bpy)3(NTf2)2/3 in the ionic liquids.  
Solvent Se / mV·K-1 ΔS0rc / J·K-1·mol-1 
[C4mim][BF4] 1.26 ± 0.07 122 ± 7 
[C2mim][B(CN)4] 1.52 ± 0.03 147 ± 3 
 
 
